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Conversion Gain and Noise of Niobium
Superconducting Hot-Electron-Mixers

Hans Ekstrom, Boris S. Karasik, Erik L. Kollberg, Fellow, IEEE. and K. Sigfrid Yngvesson, Senior Member, IEEE

Abstract— A study has been done of microwave mixing at
20 GHz using the nonlinear (power dependent) resistance of
thin niobium strips in the resistive state. Qur experiments give
evidence that electron-heating is the main cause of the nonlinear
phenomenon. Also a detailed phenomenological theory for the
determination of conversion properties is presented. This theory
is capable of predicting the frequency-conversion loss rather
accurately for arbitrary bias by examining the I-V-characteristic.
Knowing the electron temperature relaxation time, and using
parameters derived from the I-V-characteristic also allows us
to predict the —-3-dB IF bandwidth. Experimental results are in
excellent agreement with the theoretical predictions. The require-
ments on the mode of operation and on the film parameters for
minimizing the conversion loss (and even achieving conversion
gain) are discussed in some detail. Our measurements demon-
strate an intrinsic conversion loss as low as 1 dB. The maximum
IF frequency defined for —3-dB drop in conversion gain, is about
80 MHz. Noise measurements indicate a device output noise
temperature of about 50 K and SSB mixer noise temperature
below 250 K. This type of mixer is considered very promising for
use in low-noise heterodyne receivers at THz frequencies.

1. INTRODUCTION

OR RADIO ASTRONOMY and remote sensing applica-

tions in the THz region there is a strong need for receivers
with much higher sensitivity than is available at present. Su-
perconductor Hot-Electron Bolometer (HEB) mixers utilizing
thin superconducting films in the resistive state have recently
emerged as a serious alternative to the traditional mixers used
in THz receivers [1], [3]. Today, most receivers for frequencies
near and above 1 THz have to rely on Schottky-diode mixers,
with rather poor sensitivity [4], [5]. Low noise SIS mixers
with excellent performance, have replaced Schottky-diode
mixers for frequencies up to about 650 GHz, corresponding
to the energy gap of niobium [4], [6]. Since niobium tri-layer
technology is by far the most successful SIS-mixer technology
and since the RF loss may be significant above the energy gap
of niobium [7], it may be very difficult to realize low noise SIS
mixers near or above about 700 GHz. InSb hot electron mixers
have high sensitivity at frequencies around 1 THz, but the
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narrow bandwidth (=1 MHz) limits its possible applications
[8]-[10]. A more recent development where a 2-D electron
gas in a heterostructure is used for hot electron mixing allows
IF bandwidths of more than one GHz and may possibly be
competitive at THz frequencies [11]. [12]. Another interesting
device is the diffusion-cooled HEB. which is reported to have
a bandwidth of at least 2 GHz [13], [14].

In this paper we have examined a Superconductor HEB
mixer, consisting of narrow strips of niobium-film biased in
the resistive state. This recently proposed device [1], [3] has
a very simple structure, and can be realized with a technology
which is relatively uncomplicated compared to the SIS and
Schottky diode fabrication. Our experiments at 20 GHz show
very promising results. i.e., low conversion loss and noise
temperature. Based on the frequency insensitive nature of
the electromagnetic interaction and the non linearity of these
devices, these results should be possible to translate to THz
frequencies, where the device can be integrated with planar
antennas in Quasioptical systems.

The purpose of the study presented in this paper has been
to carefully measure and model conversion loss and noise
properties of the HEB at a low millimeter wave frequency,
in order to establish a firm basis for the design of future THz
HEB mixers.

II. THE DEVICE

A superconducting hot electron bolometer consists of one
or several superconducting thin film strips, deposited on a
substrate, of for example, silicon, single crystalline quartz or
sapphire. The strips are cooled to the superconducting state and
then heated by dc and microwave power to the neighborhood
of the superconducting to normal transition-temperature, 7.,
here called the resistive state, where the superconductor will
gradually become normal (Fig. 1).

The resistance of the device in the resistive state, may be
explained with the help of several possible physical phenom-
ena, such as formation of normal domains, phase slip centers,
and moving magnetic vortices. Let us adopt a simplistic
model:! assume one resistive region (or several that may
be combined into one). The electron temperature, 6, in the
“resistive transition regions” is in the interval A7., marked
in Fig. 1.

The main power dependence of the resistance may be due
to creation and annihilation of “hot spots” and heating of

INote that the validity of the circuit-based model which we will present

in the next section does not depend on the details of the microscopic model,
such as the one suggested here.
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Fig. 1 The three states of the bolometer.

electrons in the resistive state. Here the gradient in the electron
temperature is also steepest. The electron temperature as well
as the lattice temperature of the superconductor outside these
arcas are low enough to allow zero resistance.

Note the energy gap of the superconductor, 2A. If the
signal and LO frequency are high so that fLo. fs >2A/h,
the full length of the superconducting strip will be seen as a
normal conductor strip. For fLo, fs < 2A/h the RF-resistance
will depend on the bias point and the amount of normal
regions in the strip. If the intermediate frequency, fir, is such
that fir <2A/h, it will only develop a voltage across the
normal regions while the superconducting part is simply a
short-circuit. These facts have important consequences on the
functions of the mixer.

The maximum IF-frequency is determined by the bolometer
response time to an external perturbation, i.e., the eleciron
temperature relaxation time 7y, thus fip <1/(2774). If the
strips are made sufficiently thin, the time constant for phonons
in the superconductor to escape to the substrate, 7,5, may
become shorter than the time constant for phonon electron
interaction in the superconductor, 7pp—e. If the strips are
made narrow, then the back flow of phonons from substrate
to the superconductor will be reduced, and thus 7,_,, will
be long. At the same time [15], for Nb where C. >» C, at
all temperatures below 10 K, 75—, is much shorter than the
electron phonon relaxation, 7., (from the detailed balance
equation C,/7e—pr, = Cp/Tph~e, Where Cg and C, are the
specific heats of the electrons and phonons respectively).
Consequently it is possible to heat the electrons above the
temperature of the lattice and 7y will be dominated by T._p#,
which is not the case for ordinary bolometers where the
electrons and the lattice are heated to the same temperature.

In practice, to avoid lattice heating effects in the super-
conductor, the bolometer should be less than or about 100 A
thick and about 1 pym wide. For Nb the resulting bandwidth
corresponding to (277.—_,,) "1 is of the order 100-200 MHz
[1]. and for NbN it is predicted to be of several GHz [2].

Fig. 2. Equivalent circuit of bolometer with load.

With higher 7. a higher operating temperature can be used,
yielding shorter 7._,,. NbN mixers have so far demonstrated
1 GHz bandwidth [16], [17].

The bolometer resistance may be adjusted by adding parallel
strips and by changing the strip length. For fro, fs >2A/h
the absorption of microwave power by the normal electrons
in the HEB is essentially frequency independent. Therefore,
these mixers will operate up to RF frequencies well into the
THz range, i.e., much higher than the gap frequency of the
superconductor. Previous work has, in fact, shown mixing at
1.5 THz [1].

III. MIiXER THEORY

Fig. 2 shows an equivalent circuit of the mixer, where the
device is biased by a constant dc current. The heating of the
electrons by RF or dc power will increase the device resistance.
The signal, when beating with the LO, will cause a modulation
of the device resistance at fir. An IF voltage will appear across
the device, causing a current through the IF load resistance.
This current will add to the dc bias current through the mixer
device, and will create feedback. Note that the resistance of
the device is time dependent only for the IF frequency. At
the RF frequency the device impedance is assumed constant
since these frequencies are higher than the inverse response
time of the electron subsystem. If this statement were not true,
an image current would be created, and a more complicated
theory would be necessary. We have failed to detect any
sidebands at (fr,o £ fir) when a strong signal was applied
in the IF-band. Our observation supports this feature of the
device model.

Equivalent expressions for the conversion gain have been
derived previously for three different types of HEB mixers: 1)
the superconducting HEB by employing an energy balance
equation [1]; 2) the hot electron InSb [8]; and 3) 2-DEG
mixers [11], [12], the latter two directly from the circuit model
of Fig. 2. A basic assumption is that the dc and RF power
dependencies of the device resistance are equal (the time
average RF power is employed since frp > (217e—pn) 1).
Assume that in the bias point of the device we have V =V,
and T = I,. Defining the device dc-resistance as R, = Vo/l,
one obtains [§]

ProP, R
_ o2 ProPac Ry
G_Ps 20 (RL+R R
PchL
. — 1
(1 “FR, R, RL+R> W
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Fig. 3. Schematic illustration of the behavior of the I-V-characteristic and
bias-point when LO- and RF-power 15 applied to the bolometric device.

where C, = dR,/dPyevice. Rz is the IF load resistance,
Pip, P,, Pro and Py, are the IF-, signal-, LO-, and dc-power
dissipated in the device, Paevice = Pro + Pdc-

For the types of I-V-characteristics which apply to InSb
and 2-DEG mixers, dV/d[ is always positive, and an optimum
conversion gain of —6 dB can be derived from (1), see [3], [8].
The I-V-characteristic of the superconducting HEB may have
dV/dI <0, and a re-interpretation of (1) leads to a prediction
that G > 0 dB is possible, as shown in the next three sections.
Conversion gain of >—6 dB for superconducting HEB’s was
originally suggested in [1].

IV. RELATING THE CONVERSION
GAIN TO THE I-V-CHARACTERISTIC

A basic assumption in our model is that the low frequency
resistance of the device is dependent on electron temperature.
Hence, if the temperature increases linearly with dissipated
power, we have AR = C, - AP. This assumption has certain
interesting implications; consider the I-V-characteristic shown
in Fig. 3. For a given device resistance 12, = V,/I,. the device
temperature must be constant, i.e., the total power dissipated
must be the same. When the device is pumped with a certain
LO-power. the I-V-characteristic will change, as shown in
Fig. 3. The above argument indicates that in points A and o
we have the same total dissipated power; in A only dc power,
and in a L.O power plus dc power. If we increase either the LO
power or the dc power, or both. the resistance will increase,
and become R, + AR.

We may now calculate AR and AP (constant LO power)

Vo.+AV V, V,AI[(AV I,
AR=-2 — . 2 27" ("% _
I, + Al I, I, 1, (AI V, 1) @
AP =(V,+ AV)(I, + Al) = VI, = V,AI
AV I,
. (A—IVZ‘FI). 3)

From (2) and (3) we get

AV 1, (ﬂ) _ R
_i}_’{___l_AIV:) __59_ dI de ° (4)
ST AP T IZAV I, 7 Py [dV R

AIV;’ (E>dc+ ’

where (dV/dI)q. is the differential resistance of the pumped
I-V in the bias point determined by dc bias and LO power.

Since it makes no difference whether AP is dc power or a
combination of dc and LO power, we may use this value for
C, in (1), to obtain

_1PoBr( R )Z<H Ry )‘2
" 2Pu R\ (dV/dD)a (@V/dDa:)
(5)

G

There is still another relationship between the PpLo, Py and I,
that can be used to rewrite the expression for conversion gain.
For constant R, = V,/I,, the dissipated power in the device
must be constant. This means that if we have a bias current
1,, for the unpumped 1-V, and [, for the pumped -V, and
we have Ppo + R,I2 = R,I2,. Then (5) can be rewritten as

2\ (C,I2)2 R, Ry
— _ e 0 6
¢ 2(1 I;%) (1-C,12)? . av 2 ©
( v i (ﬁ)dc>

from which it is seen that Ry = (dV/dI)4. in the bias-point
with 1.O yiclds maximum gain.

These equations for the conversion gain are valid for low
intermediate frequencies, where the finite relaxation time of
the device has no influence on the conversion gain. No-
tice that the proposed theoretical model does not require
C, to be independent of R,. If C, is independent of R,
and bias, the I-V satisfies the classical bolometer equation,
Vo/I, = const. + C, P, where P is the dissipated power in
the bolometer [18]. See Appendix for further details.

V. PREDICTING THE CONVERSION GAIN

The differential resistance can be predicted if C,I2, is
known. From (4) the differential resistance can be expressed as

1 72
TR e g
T Modge
Hence a negative resistance corresponds to C,, - I% > 1. Using
(6) we have calculated the conversion gain vs. (I,/1,,)% =
Pac/(Pac + PLo) (see Figs. 4 and 3).

The fundamental limit of —6 dB gain for InSb mixers [8]
is obviously not valid for the superconducting HEB mixers
since it is possible to achieve positive conversion gain with
negative differential resistance of the unpumped I-V-curve.
From Figs. 4 and 5 it is seen that larger conversion gain is
available for Ry /Rg > 1 than for Ry /R, < 1.

As mentioned above the load resistance for maximum gain
is equal to the differential resistance of the I-V-curve in the
bias point of the pumped mixer. It is also possible to find the
optimum LO power (or (I,/1,,)?) for a given R, /R, or for
Ry, equal to the differential resistance of the I-V-curve in the
bias point.

VI. CONVERSION GAIN AND IF IMPEDANCE
VERSUS INTERMEDIATE FREQUENCY

The coefficient C, = dR/dP can be expressed as C, =
[dR/d0][d8/dP]. Since the factor df/dP has a frequency
dependence determined by the factor 1/(1 + jwry), and
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assuming that the term dR/df is simply a constant, we may

conclude that

v Co(w=0

Co(w) = (—)
1+ jwTy

Using this expression for C, in the equations for G above,

the IF dependence of the conversion gain of the mixer can be
expressed- as

®)

, 1
G=Gw=0) ——— 9
(w ) 14 ((‘U'Tmix)2 ( ) v
where
Tmix = 1_C Iz RL __ Ro - (10)
o%e RL + Ro

We have introduced 7., Which determines the —3 dB band-
width. It is possible to make the bandwidth wider by making

the factor C,I? - (R, — Ry)/(R, + Ry) large (R, > Ry).
Furthermore, a value of C,I2 - (R, — Rp)/(R, + Ryr) close
to 1 will lead to large gain (1), as well as a narrowing of the
bandwidth. In practice, one would find a compromise between
IF bandwidth and conversion gain. We can also conclude that
it is undesirable to attempt to utilize a large conversion gain,
a feature which the HEB mixer shares with other negative
resistance devices.

The frequency dependence of the IF impedance can be
derived in the same manner by using (8) and (4). We get

20,12 1
A =R,|1 9o - 11
(w) < + 1—6’0[21—|—jummp> (n
where
0 (12)

Timp = I_—ng.

In interpreting this equation we note that the finite response
time of the heated eclectron medium, which gives rise to
the bandwidth of the mixer (10), also makes the impedance
at the intermediate frequency dependent at low frequencies.
At the lowest frequencies, we expect the impedance to be
given by (dV/dI) for the particular point on the I-V-curve,
which should be real, while for frequencies much higher
than 1/(277imp) we should expect a resistive impedance
R, as well. For intermediate frequencies, we know by the
Kramers—Kronig theorem, that a reactive part of the impedance
will develop, whenever the real part is frequency-dependent.
These facts are consistent with (12). Note that 73, depends on
the operating point, through I, in a slightly different manner
than 7p,;x. These phenomena were first demonstrated in Nb
films in [19].

It is possible to rewrite the equation for conversion gain
expressing the frequency dependence in terms of the elec-
tron temperature relaxation time 7. Using a complex load
impedance viz. By — Z; = Ry + jXi we obtain (13),
shown at the bottom of the page.

Hence it should be possible to improve the bandwidth
somewhat by a proper design of the load circuit Zp (see
Fig. 6).

VII. THEORY OF NOISE IN HEB’S

The main noise of concern for the superconducting HEB is
that which is directly emitted by the device at the IF frequency.
The noise theory does not need to take into account correlation
of noise contributions at a number of frequencies, as is the case
for the Schottky-barrier mixer, for example. The IF output
noise is primarily of two types [11, [13]: 1) Nyquist noise at
the electron temperature, and 2) temperature fluctuation noise.
The latter contribution is not usually important for microwave

I?
‘Z(l‘ iz)

G =

(C,I2)?
- c,r 1)
L . Ro + RL 2
—otd {XL twT T 0013}

X
R + (dV/dI)pumped — WTe - i—-
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or millimeter wave mixers, but is likely to be the dominant
one in superconducting HEB mixers. Temperature fluctuation
noise is well known from the theory of conventional (lattice)
bolometers [20]. The electrons are assumed to form a subsys-
tem in thermal equilibrium at the electron temperature, #, while
conducting heat to the lattice heat reservoir at temperature 7.
The corresponding thermal conductance is G, [W/K]. It is
known from thermodynamics that the average temperature of
the electron subsystem will show spectral RMS fluctuations in
a 1-Hz bandwidth given by [20]

4k6?
AR?y = =22, 14
(a8 = =2 (14)
The thermal conductance is
G, =V (15)
Ty

where V' the volume of the superconducting strip. Since the
resistance of the HEB depends on 6, and the device is biased
with constant dc current, I,, there will be a noise voltage
developed across the device. We can derive the equivalent
device output noise temperature, Ty, by equating the noise
power due to temperature fluctuations to that from a Nyquist
source at Ty ;

o _ L2(dR/d9)%6
YT R,G,

Here (dR/df) must be evaluated for actual mixer operating
conditions. The total device output noise temperature will be

(16)

Td ~ 0 -+ Td,t~ (17)

This noise temperature can now be used in standard expres-
sions for the mixer noise temperature, given the conversion
loss, L. If typical values are inserted in (16), one finds that
this term is likely to dominate. Note that Ty ; is proportional to
the electron temperature squared. Furthermore, 6 is expected
to be close to I,.. HEB’s based on superconductors with higher
T, then should have higher noise. The -dependence may be
compensated by the appearance of G, in the denominator,
however. As a rule, higher T, materials have shorter relaxation
times, resulting in larger G, (see (15)). An optimum material in

terms of the output noise temperature of the device can there-
fore not be identified. One must also consider the conversion
loss which can be achieved, in order to minimize the receiver
noise temperature. These matters are under investigation, but
have not yet been resolved in detail. Another noteworthy
consequence of the dominance of Tj ; is that the output noise
temperature is predicted to fall with IF frequency with a time
constant similar t0 Tmix (see (10)). If this can be verified,
then one concludes that the bandwidth over which a given
mixer noise temperature can be maintained is actually wider
than 1/(27Tmix), since the device output noise decreases
at the same time that the mixer conversion gain decreases.
Measurements of the output noise versus IF-frequency have
so far given inconclusive results.

In conclusion, one can roughly estimate a device output
noise temperature for Nb in the range 25-100 K. This is
consistent with measurements, as described in a later section.

VIII. EXPERIMENT

The HEB devices were made from 90—150-A-thick niobium
films, dc-magnetron sputtered on silicon substrates held at
room temperature and patterned by conventional photolithog-
raphy. The HEB’s consisting of two parallel niobium strips, 1.5
pm wide and 7 pym long, had a normal resistance between 40
and 150 2, and were measured at 20 GHz signal and 1-1000
MHz intermediate frequency. T, of the 90-A-thick devices
was about 4.3 K. This value is expected for thinner films [21].
However, our films are not passivated, and therefore include
a 20-30-A-thick oxide layer. The films also have a diffusion
constant of about half the value of the constant given by [22].

The best conversion is achieved when the HEB mixer is
biased in the lower part of the resistive region (Figs. 7 and
11). For no or small LO power, at low temperatures compared
to T,., we have observed negative differential resistance in
the dc I-V-curve in this part of the resistive region (Fig. 11
unpumped curve at 2.1 K) similar to the behavior of self-
heating phenomena, i.e., hot spots or resistive domains [23].
This indicates the possibility to obtain positive conversion
gain.

Several samples (mainly 90 A thick) have been measured
with consistent results [3]. However, all figures in this section
shows the measured data from one typical device. The results
from mixing experiments are given in terms of the intrinsic
conversion loss of the mixer. By intrinsic conversion loss
we mean the ratio between the RF signal power from a
monochromatic source coupled to the device to the IF signal
power delivered to the IF load.

A. Determination of RF Coupling Loss

To determine how much of the applied RF power is coupled
to the device it is assumed that the response of the device to
RF power is equal to the response to dc power. Several I-V
curves for different applied RF powers are recorded, with the
RF power changed in steps of 0.5 dB. The coupling loss is then
found as the ratio between the change in applied RF power
and the corresponding change in dc power for the different
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curves. The points on the I-V curves used for deriving the dc
powers have to be along the isotherm which passes through
the bias point, typically A in Fig. 7.

We derive the RF Coupling Loss from

P _
; _ Tios Pro.a

c = 18
Py s — Pac,B (1%

where P 4 and Ppo,p are determined at the coaxial connec-
tor input to the liquid helium dewar. The coupling loss thus
includes the attenuation in the input coaxial cable, and the
microstrip circuit to which the device is connected, as well
as reflection loss of the device impedance with respect to the
50-£2 microstrip circuit. The attenuation excluding reflection
loss at the device has been estimated to about 3 dB.

The measured reflection loss at the device is bias dependent
as shown in Fig. 8. If we assume that the device impedance
is R,, then we can calculate the reflection loss as shown in
the full-drawn curve in Fig. 8. At about 3-mV bias, R, as
defined above, is close to 50 2, and the reflection loss very
small. The measured coupling loss shows a similar trend, but is
about 1.5 dB higher at low bias voltages. The device resistance
at 20 GHz thus is fairly close to R,. If the frequency of the
RF radiation were higher than the gap frequency in the entire
strip, then we would expect the resistance to be equal to Ry,
and independent of the bias. This is likely to be the situation
in THz versions of the HEB mixer, but is not the case in the
20-GHz prototype. The frequency and bias dependence of the
device impedance thus requires further study, as we attempt
to increase the frequency at which the HEB mixer operates.

B. Intrinsic Conversion Loss

The lowest intrinsic conversion loss of several investigated
devices was around 1 dB at 20 MHz IF and operating
temperatures between 4.2 and 2.1 K. The IF of 20 MHz
was chosen for the experiments since it is well below the
cut-off frequency for hot electron effects (compare Fig. 12).

6.5 T T T j
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W 45T i
= . . j
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Fig. 8. Measured 20-GHz RF coupling loss (points) versus bias voltage, and
calculated reflection loss under the assumption that the bolometer microwave
resistance is equal to its dc resistance.

In Fig. 9 one can see how the conversion loss depends on
bias voltage and temperature. The lowest conversion loss is
found for the smallest bias, i.e., the lowest bolometer dc
resistance. Besides dc-bias, AT, T, physical temperature, 1.O
power, and the number of strips have important effects on the
mixer performance. So far we have not carried out a complete
investigation of the variation of conversion loss with these
parameters. However in general terms we have found the
following:

1) The best conversion gain is found for samples with the
narrowest superconducting-normal transition width AT,
ie., dR/dT is large.

2) The change in conversion gain upon a change in LO
power by 1 dB is less than about 0.5 dB. See Fig. 10.

3) From measurements for a device temperature of T =
2.1 K, and L ~1 dB, we have estimated that the change
in conversion loss is less than 1 dB for a change in
temperature of about 0.15 K, or dL/dT = 7 dB/K. For
T =42 K dL/dT = 50 dB/K.

4) For any temperature in the interval 2.1 to 4.2 K the
conversion loss will be the same after optimization of
bias and LO power.

5) Adding more parallel strips results in a smoother I-V
curve and a more stable output signal, hence a better
agreement between measurement and theory.

In Fig. 9, the measured intrinsic conversion loss is compared
with the theoretical conversion loss calculated from (1) and (6)
for two temperatures, 4.2 K (= 0.05 K below T, of the thin
strips) and 2.1 K. Our model agrees within a couple of dB with
measurements. The I-V curves of the mixer at 4.2 and 2.1 K
are shown in Fig. 11. Pro, Re, Pac, 1o, 1o, and (dV/d1)gc
were obtained from the dc I-V plot. Absorbed pump and
signal powers, about —44 dBm and —72 dBm respectively,
are typical values in our experiments. It is interesting that the
conversion loss at 4.2 and 2.1 K is roughly the same if R,
is the same.

Note in Fig. 11 that for low bias and no LO, a region with
negative resistance is clearly observed. A probable explanation
for the occurrence of the negative resistance is the following.
When the bias is lowered, the heating is lowered and the
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temperature of the Nb lattice is lowered as well. This should
lead to an increase in the maximum current density, and we
consequently will see a negative differential resistance. The
time constant for the combined heating phenomenon will be
determined by Te_p, since Tph—s <K Tpp—e.
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creased mixing time constant for lower bias at 2.1 K, and (b) a distinct
low-frequency response below 40 MHz at 4.2 K.

C. IF Bandwidth

The conversion gain has dropped 3 dB at around 80 MHz
IF, see Fig. 12(a) for T' = 2.1 K. For larger bias voltages
than for maximum conversion, there is a small increase in
bandwidth, i.e., the mixer time constant will be slightly shorter
with larger bias voltage. Assuming the relaxation time constant
1.78 ns, and calculating C,I2 and R, from the dc
I-V-characteristic, we obtain theoretically from (10) 7,5 =
2.6, 2.14, and 1.83 ns, respectively, for the three bias voltages
1.1, 1.4, and 3.2 mV, respectively, in excellent agreement with
the experimental time constants. In Fig. 12(b) it can be seen
that at 4.2 K there is a response at lower IF around 1-40 MHz
which is difficult to distinguish at 2.1 K. The low frequency
response is due to influence from slower processes, such as
the relaxation of the normal domain size.

It should be possible to achieve a more uniform absorption
of RF power in the strips by: 1) Application of a magnetic
field, which reduces the energy-gap of the superconductor
below frr-h, allowing absorption also in the superconducting
regions, 2) Use of higher LO and signal frequencies, compa-
rable to or above the gap frequency of the superconductor at
the actual temperature, and 3) reduction of the energy-gap by
increasing the lattice temperature to a value closer to T¢. It is
noteworthy that a higher-frequency HEB mixer is expected
to have a more ideal performance than the low-frequency
prototype we have investigated.

Tg —
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Fig. 13. The measured bolometer impedance for (dots). The solid lines
show the real and imaginary part of the circuit in Fig. 14. R, is 26 {2 and
(dV/dI)ac = hbox108 (2. Optimum LO power is applied. T = 2 K.
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Fig. 14. Equivalent circuit for the bolometer. The values for Ry, Rp, and C
apply to the sample and were derived from the measured bolometer impedance
data in Fig. 13.

D. IF Impedance

The TF-impedance of the device has been measured between
1 and 500 MHz (see Fig. 13). There is a transition of the
impedance in the range 10 to 100 MHz from 90 2, which
is close to the dc differential resistance (108 ) in the bias
point, to 26 €, which is the dc resistance in the bias point.
The impedance could not be measured for lower biases, i.e.,
not at the point for optimum conversion, due to noise from
the network analyzer.

Fig. 14 shows the equivalent circuit of the device, which
satisfies (11), as well as the measured data in Fig. 13. The
electrical capacitance, C, is used to simulate the thermal inertia
of the device due to the finite electron temperature relaxation
time. The time constant 7 = R2C is 5.37 ns. Using the value
for C,I? in the bias point and (12) we find a value for 79 =
1.89 ns, to be compared to the number obtained from the
conversion loss measurement (75 = 1.78 ns). In fact using a
slightly shorter 7 would yield an even better agreement with
measurements (compare Fig. 13).

E. Noise

The receiver noise was measured with a solid state noise
source (3815 K) coupled to the device together with the LO
signal using a directional coupler [24]. The IF signal was
amplified using a low-noise amplifier with a noise temperature
T4 according to Fig. 15. The IF power was registered using
a spectrum analyzer. The influence on the system noise of the
components between the noise source and the mixer had to
be subtracted, introducing a considerable uncertainty in the

250 [ R | T l T T T j!

200

¥
W
2 150
&
“é_ Amplifier
S 100 F
3 1
3
= 50
0 [

10 20 30 40 50 60 70 80 90 100
Frequency [MHz]

Fig. 15. Output noise temperature of mixer, and amplifier noise when
connected to the mixer. R, = 26 0, T' = 2.1 K. P is optimized for
maximum conversion gain.

determination of the mixer noise temperature. The observed
total receiver noise temperature was between 470 and 690 K.
A DSB mixer noise temperature between 80 and 450 K can be
derived from these values, given that the intrinsic conversion
loss in the bias point is 7 £ 1 dB.

The output noise of the mixer was measured by comparing
the output power from the pumped device with a hot and
cold load (295 and 77 K, respectively). The output signal was
amplified by an LNA (with noise temperature T4 in Fig. 15)
and fed through a receiver (bandwidth 10 MHz) and registered
on a power meter. Since no isolator was available for isolation
of the IF amplifier, a coolable load was fabricated from lumped
resistors and a capacitor (see Fig, 14) to simulate the device
impedance. The impedance of this load was checked with a
network analyzer, and agreed well with the measured data
for the device over the frequency range 1-100 MHz (see
Fig. 13). The output noise from the mixer at intermediate
frequencies of 20-90 MHz was found to be 30-50 K (see
Fig. 15). For this measurement, it was not possible to bias the
device for optimum gain. However, the optimum LO power
was supplied. In this bias-point, the intrinsic conversion loss
was 7 dB, and we can make an estimation of the DSB mixer
noise temperature to be between 80 and 150 K, based on the
measured output noise temperature. The estimated DSB mixer
noise temperature is consistent with the above measurements
of the mixer receiver noise.

IX. CONCLUSION

We have presented a simple phenomenological theoretical
model for the bolometric mixer. This model allows us to
derive conversion loss and bandwidths from knowledge of
the unpumped and/or pumped I-V characteristic. We do see a
very low conversion loss, which, if below —6 dB, is related to
negative resistance in the unpumped I-V. Our measurements
agree well with the theoretical model. It is predicted that
conversion gain can be achieved, if a negative differential
resistance is available for the unpumped I-V and if a proper
IF impedance load is chosen. The penalty for larger gain is
smaller IF bandwidth.

The measured noise is quite low. We see noise temperatures
out from the device typically around 50 K, and a double
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Fig. 16. -V curves calculated from (A4). The curves i—vii represent decreas-
ing values for R,, + CoPLo. For curve v, R, + Co Pr,o = 0, for curve
vi and vii, Roo + CoPLo < 0. It is seen that e.g., along the line representing
Rpgy. the differential resistance gradually changes from a negative value to
positive upon increasing LO power.

sideband noise temperature expected for an optimized mixer
is calculated to about 100-150 K.

The impedance of the device at 20 GHz is bias-dependent,
which suggests that this frequency is lower than the fre-
quency corresponding to the energy gap of the superconducting
regions of the device. The frequency dependence of the
IF-impedance and conversion gain has been modeled and
measured. The measurements are consistent with an electron
energy relaxation time of 1.8-1.9 ns. This means that the
maximum IF frequency for this particular device is about 100
MHz. It is pointed out that the IF-frequency dependence of the
conversion gain can be improved by a proper IF load circuit.
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APPENDIX
THE CLASSICAL BOLOMETER I-V-CHARACTERISTIC

The differential resistance can be predicted if C,I? is
known. From (4) we get

vV 1+G,0
dl ~ T 1-CI%

The theoretical model presented does not require the same Cy
Jor all different values of the bolometer resistance R, = V/I.
However, if we assume that Cy indeed is the same for all R,
we can integrate (Al). We obtain

14 Roo

T 1-0,12 (A2)

where Ry, = dV/dI for V = I = 0. (A2) can be rewritten as

(A1)

%
Y:Roo‘f‘co'pdc (A3)

which is identical to the classical bolometric formula (P, =
Iv).

If part of the dc-power, (Py.) in (A3), is replaced by
LO-power, we have

K _ Roo +CoPLO

I 1-0C,I? (A4)

Fig. 16 shows I-V curves obtained using (A2) for differ-
ent R, + CoPro. For C,I? — 1,V — oo. The curves
with positive differential resistance requires C,7? <1, and
R,, >0, while those with negative differential resistance re-
quires R,, <0 and C,I? > 1.

Obviously the model also in this case allows for negative
differential resistance, a feature which is necessary condition to
achieve a conversion loss less than 6 dB, or even conversion
gain.
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